Abstract: The single-island endemic O'ahu tree snail Achatinella mustelina Mighels, 1845 is an endangered species with dimorphic shell chirality, persisting in small populations restricted to upper-elevation native forest in the Wai'anae Mountains. We used an intraspecific molecular phylogeny (n ¼ 21 populations) to evaluate the validity of subspecies, most of them introduced by Welch in 1938 on the basis of shell characters, by determining whether the nominal subspecies examined correspond to detectable molecular partitions and to examine the possibility that opposing shell chirality acts as a reproductive isolating mechanism. We mapped the nominal subspecies and shell chiralities onto a mitochondrial DNA (mtDNA) phylogram based on 86 cytochrome c oxidase I gene fragments and the extant range of the species. Although clear genetic breaks and haplotype clusters with well-defined boundaries exist and correspond to topographic features, each of the five monophyletic clades in the gene tree contains multiple supposed subspecies, haplotypes are shared between different subspecies, and none of the 13 nominal subspecies exhibits monophyly. Furthermore the mtDNA clades in the gene tree do not correspond to observed patterns in shell chirality, and both chiralities occur in all clades. Thus, the subspecies are not taxonomically valid and have no relevance for conserving genetic diversity, and chirality differences do not appear to impart a reproductive barrier in this species. Therefore, all subspecies of A. mustelina are herein synonymized.
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(The) extraordinary Hawaiian biota would have continued its remarkable adaptive radiation at a rapid rate had man not caused its recent decimation.
-E. C. Zimmerman (1979:38) Hawai'i's biological radiations provide superb models for the study of evolution, speciation, and biogeography (e.g., Carson and Kaneshiro 1976 , Simon 1987 , Wagner and Funk 1995 , Parsons and Shaw 2001 , Gillespie and Roderick 2002 , Price and Clague 2002 , Jordan et al. 2003 . Although many Hawaiian terrestrial plant and animal assemblages have received recent genetic scrutiny, molecular studies focusing on endemic Hawaiian land snail biogeography and radiations remain relatively few (Thacker and Hadfield 2000 , Holland and Hadfield 2002 , 2004 , Rundell et al. 2004 . With 99 single-island endemic, nomenclaturally valid species in four genera (Cowie et al. 1995 ) and a maximum lineage age of 3.7 myr (Holland and Hadfield 2004) , the tree snails in the subfamily Achatinellinae represent one of the more spectacular examples of recent Hawaiian radiations. Lacking adaptive radiation patterns seen in a number of insect, bird, and plant lineages that are characterized by high morphological and ecological diversity, the achatinelline radiation is atypical in that all members of the subfamily share generally the same reproductive strategy, feeding mode, and gross morphology. The rich coloration and highly varied banding patterns of achatinelline snail shells captured the attention of early naturalists and shell collectors, many of whom collected and killed thousands of specimens during the late 1800s and early 1900s (Hadfield 1986 , Hadfield et al. 1993 . The Hawaiian tree snails are historically important for their role in promoting general awareness of the unique Hawaiian flora and fauna, as well as inspiring early evolutionary theory aimed at understanding diversification patterns and mechanisms (Gulick 1905) .
In recent years the Hawaiian tree snails have increasingly gained attention because of their grim conservation status. Extinction rates for Hawaiian land snails in general have been estimated as 65-90% (Solem 1990 , Cowie 2001 ) and for tree snails in particular as 75% (M.G.H. and B.S.H., unpubl. data). Range reductions for the tree snails have surpassed 90% (U.S. Fish and Wildlife Service 1993) . Since 1981, the endemic O'ahu genus Achatinella has been listed as endangered under the U.S. Endangered Species Act (U.S. Fish and Wildlife Service 1981) , and although the other genera and species from neighboring high islands are critically threatened, they are currently not federally listed. Predation by rats and the snail Euglandina rosea (Hadfield 1986 , Hadfield et al. 1993 , Cowie 2001 ) has had devastating impacts and threatens to eliminate all extant taxa. Today, it is likely that there are only 10 or 11 species of Achatinella extant in the wild (B.S.H., pers. obs.), most of which persist in small, isolated populations.
O'ahu Tree Snail Nomenclature
O'ahu tree snails are arboreal snails with shells 12-30 mm in height, usually ovate/ conical, and often brightly colored and beautifully patterned. Although some species now placed in Achatinella were described in other genera, including Helix Linnaeus, 1758, Turbo Linnaeus, 1758, Achatina Lamarck, 1799, and Monodonta Lamarck, 1799, most were placed in these genera before Swainson's introduction of Achatinella or very shortly thereafter, before Achatinella was well recognized. During the nineteenth century many species now assigned to other genera of the subfamily Achatinellinae (Partulina Pfeiffer, 1854, Newcombia Pfeiffer, 1854, and Perdicella Pease, 1869) were described as species of Achatinella, as were a number of species now assigned to the family Amastridae. As currently defined, Achatinella has the limits set for it by Pilsbry and Cooke (1912-1914) , but morphological differences used to distinguish Partulina from Achatinella are not always clear in practice, and their separation at the generic level has been disputed in two molecular studies (Thacker and Hadfield 2000, Holland and Hadfield 2004) .
The extreme diversity of color pattern exhibited by Achatinella species led nineteenthcentury systematists to describe a multitude of ''species,'' many of which were later synonymized. In their systematic revision of the genus Achatinella, Pilsbry and Cooke (1912-1914) noted that more than 170 species-level names were available, that Baldwin (1893) had recognized 106 species, and Sykes (1900) had reduced this to 72. Several taxonomic efforts to split the 41 nominal species of Achatinella recognized by Pilsbry and Cooke (1912-1914) into additional taxa were made by Welch (1938 Welch ( , 1942 Welch ( , 1954 Welch ( , 1958 , including his review of A. mustelina Mighels, 1845, which introduced 21 new subspecies (Welch 1938) . In total, a staggering 314 names (including 45 that are nomenclaturally unavailable) have been used for taxa in the genus Achatinella (Cowie et al. 1995) .
We used the maps and subspecies descriptions of Welch (1938) to place multiple individuals of his subspecies on a cytochrome c oxidase I (COI) gene tree, modified from Holland and Hadfield (2002) . Between 1931 and 1936, Welch and his assistants collected 15,176 specimens from 582 localities in the Wai'anae Mountains (Figure 1 ) and examined tens of thousands of shells in the field. We sampled Achatinella mustelina corresponding to 13 of the 25 subspecies recognized by Welch (26 including A. m. mustelina) . Although our sampling covers only half of these subspecies, it is likely that-because of habitat loss, range reduction, and population extinction-the samples obtained represent most if not all of the remaining populations of Welch's subspecies.
If the 13 Welch subspecies evaluated in this study were found to correspond to distinct molecular partitions, field biologists and resource managers would have a useful diagnostic field tool at their disposal for identification of natural diversity patterns in this species. The characters used by Welch in defining the complex patterns of variation in A. mustelina subspecies, ''forms,'' or ''races,'' as he alternately refers to them, include shell color, banding pattern, and shape. However, many of Welch's descriptions are difficult to follow, because although eloquent and highly detailed they are also subjective in terms of the nature of the language used and, in particular, color morph descriptions. For example, Welch described A. m. mustelina as follows: ''The typical form and color pattern of the shell in area 6 measures, length 20.7 mm., greater diameter 12.2 mm., spire height 11.3 mm., embryonic whorls white, postembryonic whorls white shading to pale smoke gray and on the last whorl, spirally banded on the last whorls with hair brown shading to buffy brown on the last whorl, sutural band white, subsutural band pale pinkish buff shading to pinkish buff on the last whorl, lip and columella callus cinnamon pink'' (Welch 1938:26) . In another entry, Welch described A. m. kapuensis: ''The shell may be white banded just above the edge of the periphery and on the first postembryonic and penultimate whorls with a band of vinaceous fawn darkening to a dark vinaceous brown to seal brown, spirally lined with white, on the last whorl one band above the periphery of avellaneous, below the periphery a band 3.5 mm. wide of deep plumbago gray lined with white fading out on the last half whorl to pearl gray and three lines of black; the third or lower band neutral gray'' (Welch 1938:139) . At one point Welch remarked, ''This race (A. m. mustelina) however, is so like A. m. brunicolor var. from Makaha and even color patterns from Ekahanui that it would be impossible to separate mixed lots completely'' (Welch 1938:26) . In fact, this type of comment, stating that when lots are mixed they are impossible to separate, is not unusual in the text, nor is it surprising given the sheer variety and chaotic distribution of shell sculpture, color, and banding patterns and the fact that many grade together along ridge crests. But the idea that subspecies descriptions lose their value when shells from different areas are mixed raises fundamental problems with the use of these shell characters in terms of their information content, repeatability, biological validity, and systematic utility. Although Welch's subspecies designations are not currently in use in the primary scientific literature, they remain taxonomically valid (Cowie et al. 1995) because they have never been synonymized, and they continue to be used by field biologists in the gray literature including field notes, surveys, and reports.
One of the principal issues that we addressed is whether more genetic diversity is contained in subspecies groupings of Welch (1938) or via genetically defined evolutionary significant units (ESUs) (Holland and Hadfield 2002) . If the subspecies are an accurate reflection of the evolutionary history of A. mustelina, the expectation would be that the extent of DNA divergence and other measures of population subdivision would indicate a close relationship among molecular sequences sampled from each subspecies. If population structure follows the patterns proposed by Welch, then the subspecies names could be useful in terms of conservation and management efforts for this species.
Speciation and Gene Flow between Tree Snails of Opposite Chirality
Snails coil to the right (dextral) or the left (sinistral). In hermaphroditic, cross-fertilizing pulmonate land snails, populations of a single species rarely exhibit bimodal chirality (dextral and sinistral shells) ( Johnson et al. 1990 ). Among these pulmonates, chiral dimorphism is related to shell shape and reproductive behavior (Asami et al. 1998) . Flat-shelled species tend to align ''face to face'' during courtship and copulation, which is reciprocal, but if the snails are of different chirality this precludes the necessary reciprocal penial insertion. Tall-spired species, however, tend to mate nonreciprocally, with one snail mounting the shell of the other (''shell-mounting''), which requires only minor behavioral adjustments for copulation between snails of different chirality to take place (Asami et al. 1998 ). Thus, interchiral mating might be expected to be more frequent in tall-shelled than in flat-shelled species, and tall-shelled species would be expected to exhibit chiral dimorphism more frequently than flat-shelled. By estimating interchiral versus intrachiral gene flow inferred from mitochondrial DNA (mtDNA) sequence analyses, we can determine whether gene flow is restricted between individuals with opposite chirality.
Achatinella mustelina is a relatively tallspired species, and its populations exhibit mixed shell chirality, as noted by Pilsbry and Cooke (1912-1914) and Welch (1938) . The tendency in this species for oppositely coiled shells to occur in sympatry is interesting in light of the possibility that individuals of opposing chirality are reproductively isolated, suggesting a potential speciation mechanism (Crampton 1917 , Davison et al. 2005 . To evaluate the roles of reproductive isolation and gene flow in the chiral evolution and possible incipient speciation of A. mustelina, we focused on populations in which both chiral morphs coexist.
materials and methods Sampling
Tissue samples were collected from live, reproductively mature tree snails using the methods of Thacker and Hadfield (2000) . A very small (10-20 mg) piece of tissue was sliced from the posterior tip of the extended foot as the animal crawled on a flat surface, placed in 95% ethanol in the field, and transported to the laboratory for genomic DNA extraction. This method was first tested in the laboratory on nonendangered species, and 100% survival of sampled snails was demonstrated. Ingroup taxa included Achatinella mustelina from throughout its range in the Wai'anae Mountains on western O'ahu (Figure 2) .
DNA Extraction, PCR Amplification, and Sequencing
Mitochondrial DNA (mtDNA) COI fragments were amplified and sequenced from 86 specimens including three endangered Hawaiian tree-snail species (Achatinella sowerbyana, A. concavospira, A. mustelina) and one nonendangered achatinellid outgroup (Auriculella ambusta). The ingroup, Achatinella mustelina, was sampled from 21 localities, including three additional populations (Kalua'a Gulch, Mākaha, and Mohiākea) since the previously published data set of Holland and Hadfield (2002) . Genomic DNAs were extracted following the manufacturer's protocol using QIAGEN DNeasy nucleic acid extraction kits (QIAGEN, Inc., Valencia, California). DNAs were eluted in deionized autoclaved water and stored at À70 C. Polymerase chain reaction (PCR) was performed using a PTC-100 thermocycler (MJ Research, Inc.). Universal COI primers (Folmer et al. 1994) were used to amplify the target fragment under the following PCR conditions: 2 min at 92 C, 35 cycles of 94 C degrees for 30 sec, 48 C for 30 sec, and 72 C for 45 sec, with a final 72 C extension for 7 min.
PCR-amplified DNA fragments were purified with QIAquick spin columns (QIA-GEN, Inc.), according to the manufacturer's protocol, then checked via agarose gel electrophoresis. Amplified DNA fragments were cycle-sequenced using PCR primers and ABI Prism DYE Terminator Cycle Sequencing Reaction Kits to generate single-stranded products. Sequences were determined using an ABI 377 automated sequencer (PE Biosystems, Foster City, California).
Phylogenetic Approach PAUP* 4.0b10 (Swofford 2002) and Modeltest v3.06 (Posada and Crandall 1998) were used to select the optimal substitution model to produce phylogenetic trees and distance matrices. Statistical support was assessed with 1,000 bootstrap replicates (Felsenstein 1985) . Maximum likelihood was employed with a user-defined substitution rate matrix, gamma shape parameter, and proportion of invariant sites based on the Modeltest results. Modeltest runs through PAUP* and determines likelihood scores for 56 progressively complex models of sequence evolution in a hierarchical fashion (Posada and Crandall 1998) . This method then uses a likelihood ratio test and identifies the optimal model using a chisquare distribution. Tree topologies produced using different optimality criteria, including default parameters and settings, were nearly identical.
Nucleotide Polymorphism
We used several methods to compute comparative statistics for DNA sequences, to quantify and understand the distribution of polymorphism and to infer patterns of gene flow in A. mustelina. A coalescent estimation approach was employed using the program SITES (Hey and Wakeley 1997) to compare fixation indices F ST (Wright 1978) among and within different population groupings. We also used DNAsp (Rozas et al. 2003) to estimate population-level parameters and their variances, including the coefficient of gene differentiation G ST (Nei 1982) , pairwise nucleotide diversity p, haplotype diversity H d , Molecular Systematics of Achatinella mustelina . Holland and Hadfield Figure 2 . Map of the western region of the island of O'ahu, showing approximate sampling localities (circles) and clusters of closely related haplotypes or ESUs ( blackened areas) for Achatinella mustelina, corresponding to monophyletic groups of populations sampled (adapted from Holland and Hadfield 2002) . For each of the six main clades, the associated Welch (1938) subspecies names are shown in white boxes, along with labels A-F corresponding to labeled clades in Figure 3. mean number of haplotype substitutions per site between populations D xy , number of net nucleotide substitutions per site, and number of migrants N m (Hudson et al. 1992) .
results

COI Sequence Polymorphism and Base Frequencies
Sequence data were generated, aligned, and analyzed for 86 specimens representing four species. After alignment and editing, partial COI sequences consisted of 675 base pairs ( bp) representing 225 codons. COI sequences were found to be A-T rich (A þ T ¼ 71.1%) and showed an average transition/transversion ratio (ti/tv) bias of approximately 3/1; third codon position substitutions were most common (84.1%). Of 78 A. mustelina sequences analyzed there were 54 unique haplotypes. Values of nucleotide diversity within putative subspecies were p ¼ 0:0 to 0.025 (mean 0.00766). Approximate geographic positions of sampling sites and of ESUs are shown in Figure 2 .
Phylogenetic Results
Tree topologies based on COI gene fragments revealed deep phylogeographic structuring among clusters of populations ( Figure  3) . The overall phylogenetic pattern in A. mustelina was consistent regardless of the phylogenetic approach used (parsimony, minimum evolution, maximum likelihood). The tree topology reflects a pattern characterized by low intrapopulation divergence values and relatively high interpopulation divergence values (Holland and Hadfield 2002) , and six main clades. This pattern suggests more recent historical genetic exchange among populations within the clades depicted, labeled A-F (Figure 3 ).
Comparative Genetic Partitioning: Among ESUs versus among Subspecies
The mean G ST values were significantly lower within ESUs than within subspecies ( Table  1 ), indicating that gene flow within ESUs is higher than within the nominal subspecies. F ST values were far higher among ESUs than among sequences grouped by subspecies (Figure 4) . Such comparisons again suggest higher gene flow within ESUs than among ESUs, within subspecies (Table 1) or among populations selected at random (Figure 4) . Estimated gene flow (expressed as theoretical numbers of migrants) among ESUs was 4.36, and 26.13 between snails of different chirality. In addition we calculated Fu and Li's (1993) F* and D* statistics to test various predictions made by neutral evolutionary theory. These measures showed no indication of selection on the COI gene fragment.
Evolution of Chirality in A. mustelina
Among the snails in our data set 58% were sinistral and 42% dextral. Among the 20,056 specimens of the 13 subspecies included in our phylogeny that were examined and measured by Welch (1938) , 42% were sinistral and 58% dextral. Achatinella mustelina is a high-spired pulmonate, and, as predicted by Asami et al. (1998) for high-spired snails, interchiral mating should readily take place in this species. All of the subspecies of Welch (1938) included snails of both chiralities, although a minority of populations consisted of all dextral or all sinistral shells. systematics As a result of this molecular study we here synonymize the 21 subspecies introduced by Welch (1938) and four additional taxa of other authors that Welch retained as subspecies in his monograph. Although we analyzed only a subset of the taxa listed below, as a result of population extinction, range reduction, and a lack of agreement between the trinominal taxonomy and molecular patterns, we synonymize all 25 subspecies with the nominotypical Achatinella mustelina Mighels, 1845 (p. 21) , in the subgenus Achatinella Swainson, 1828 (p. 83).
Thus we synonymize with Achatinella mustelina Mighels, 1845 the following 13 taxa that were covered by the populations sampled for the molecular analyses: Achatinella muste- Figure 3 . Mitochondrial DNA phylogeny, focusing on Achatinella mustelina, rooted using achatinellid outgroup Auricullela ambusta, and three endangered species of Achatinella and showing d'Alte Welch's (1938) subspecies names for the ingroup. Evolutionarily significant units (ESUs) as defined by Holland and Hadfield (2002) are depicted using black vertical bars labeled A-F, with number following ESU designation representing the number of trinominals making up each ESU. Solid or open circles at branch termini represent shell chirality where known. Three instances where COI haplotypes were shared between snails with opposite chirality are highlighted by black ovals. lina altiformis Welch, 1938 (p. 63) , Achatinella mustelina brunibasis Welch, 1938 (p. 82) , Achatinella mustelina brunicolor Welch, 1938 (p. 67) , Achatinella mustelina christopherseni Welch, 1938 (p. 111) , Achatinella mustelina collaris Welch, 1938 (p. 91) , Achatinella mustelina griseitincta Welch, 1938 (p. 78) , Achatinella mustelina kaalaensis Welch, 1938 (p. 87) , Achatinella mustelina kapuensis Welch, 1938 (p. 132) , Achatinella mustelina makahaensis Pilsbry & Cooke, 1914 (in 1912 -1914 ) (p. 345), Achatinella mustelina mixta Welch, 1938 (p. 74) , Achatinella mustelina popouwelensis Welch, 1938 (p. 99) , Achatinella mustelina waianaeensis Welch, 1938 (p. 43) , Achatinella sordida Newcomb, 1854 (p. 13). Note: Values were calculated using DNAsp (Rozas et al. 2003) . We also synonymize with Achatinella mustelina Mighels, 1845 the following 12 taxa that were not sampled for molecular analysis: Achatinella lymaniana Baldwin, 1895 (p. 219) , Achatinella mustelina bicolor Pfeiffer, 1859 (p. 529) , Achatinella mustelina dautzenbergi Welch, 1938 (p. 140) , Achatinella mustelina decolor Welch, 1938 (p. 29) , Achatinella mustelina diffusa Welch, 1938 (p. 86) , Achatinella mustelina griseipicta Welch, 1938 (p. 20) , Achatinella mustelina lathropae Welch, 1938 (p. 103) , Achatinella mustelina mailiensis Welch, 1938 (p. 42) , Achatinella mustelina maxima Welch, 1938 (p. 54) , Achatinella mustelina nocturna Welch, 1938 (p. 71) , Achatinella mustelina obesiformis Welch, 1938 (p. 77) , Achatinella mustelina russi Welch, 1938 (p. 123) . discussion Tree Snail Chirality Welch (1938:144) noted that ''No order can be determined in the direction of dextral and sinistral forms. The turn of the shells appears to be a random affair which can occur in any locality. Usually every prevailing dextral form has a sinistral form also.'' Although tall-spired cross-fertilizing hermaphroditic land snails can mate interchirally to some degree ( Johnson et al. 1990 , Asami et al. 1998 , the idea persists that pulmonates of opposite chirality may have difficulty mating and therefore experience some degree of reproductive isolation (Ueshima and Asami 2003) , which has been proposed as a sympatric speciation mechanism (Gittenberger 1988) . Our data provide some support for the ability of dextral and sinistral individuals of this tall-spired species, A. mustelina, to reproduce, as evidenced by identical haplotypes shared between sinistral and dextral snails. In terms of gene-flow estimates among groups, the values between chirality groups were far higher than among ESUs or among subspecies. G ST and F ST showed no evidence of reduced gene flow between snails differing in chirality (Table 1). Although this evidence is strong and consistent, it is also indirect. It would be useful to conduct breeding experiments to directly compare reproductive success between snails of the same versus opposite chiralities and to determine whether self-fertilization is feasible in this species [as demonstrated in the related Partulina redfieldi (Kobayashi and Hadfield 1996) ] and, if so, what role this reproductive strategy plays in occurrence of different chiralities.
Achatinella mustelina Nomenclature: Revision of the Subspecies
The Hawaiian tree snails serve as an excellent model for situations where morphological plasticity and substitution rates of neutral DNA markers have a complex relationship and are often found to be largely uncoupled . In certain cases morphological evolution outpaces the rate of accumulation of substitutions in neutral markers. For species that are under anthropogenic extinction pressure, it may be prudent to rapidly assess the distribution of biological diversity by the most accurate means at hand. In the case of A. mustelina, we have shown that the use of the available infraspecific nomenclature is unfounded, because it does not accurately reflect evolutionary history or ongoing evolutionary processes. Although there has been some recent controversy regarding the utility and accuracy of mtDNA markers in defining taxonomic boundaries (Shaw 2002, Ballard and Whitlock 2004) , there is broad scientific consensus that in the vast majority of situations mtDNA sequence variation reflects important aspects of evolutionary history Omland 2003, Rubinoff and Holland 2005) . The distinct phylogeographic patterns among groups of populations of A. mustelina revealed by Holland and Hadfield (2002) are incongruent with the distributions of the subspecies of Welch (1938) .
Conservation and Phylogeography
The taxonomic entities that can be listed under the Endangered Species Act (ESA) include a genus, species, subspecies, or a ''distinct population segment,'' with the latter being interpreted as ''a group of organisms that represent a segment of biological diversity that shares an evolutionary lineage and contains potential for a unique evolutionary future'' (National Research Council 1995:4) . An example in which a phylogeographic approach has enlightened the conservation process is the Dusky Seaside Sparrow (Avise and Nelson 1989) . In that case a previously unrecognized genetic split was revealed based on mtDNA analysis of nine conventionally recognized subspecies. The traditional taxonomy for this species complex, upon which ESA status and management efforts were based, had apparently failed to capture the true phylogenetic partitions within this group. Thus although no study can prove the null hypothesis that genetic differences between putative taxa are absent, we find no molecular evidence for any of the 13 subspecific boundaries tested.
Conservation and Taxonomy
As a consequence of recent catastrophic extinction rates, there is an increasing sense of urgency to our need for a better understanding of the systematics and evolutionary history of the achatinelline tree snails (Holland and Hadfield 2004) . Because effective legislative and management decisions pertaining to wildlife protection require accurate identification of biological entities (e.g., O'Brien 1994, Soltis and Gitzendanner 1999 , Avise 2004 , Holland and Hadfield 2004 , taxonomic issues such as those addressed in the study reported here have important conservation ramifications. For example, if genetic patterns had been found to be in accord with Welch's subspecies, then the maps and taxa of Welch (1938) would be relevant and useful in terms of current conservation efforts. However, because this is not the case, neither the taxa nor the maps are of conservation relevance, other than in terms of the historical distribution of A. mustelina sensu lato and preservation of shell color and pattern diversity. The field of conservation biology is plagued by difficult choices regarding which taxa can be saved and how best to allocate limited financial resources among competing conservation needs. Conservation and management decisions must therefore be made using the best, most up-to-date taxonomic information available (Avise 2004 
